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LEAK-PROOF MEMBRANE ELEMENT AND
METHOD OF MANUFACTURING SUCH AN
ELEMENT

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 60/84°7,914, filed Sep. 29, 2006. This appli-
cation has priority to PCT/NO2007/000344

The present mnvention relates to the separation or cleaning
of gases by means of very thin metal membranes being selec-
tively permeable for specific gases.

More particularly, the invention relates to a leak-proof
membrane element for the selective separation or cleaning of
gas. The membrane element 1s comprised by a metal foil
(membrane) deposited onto a supporting substrate of metal,
ceram, polymer, or combinations thereof, and connection
means allowing the element to be installed 1n a housing. The
substrate must be penetrable for the gas(es) that 1s/are to pass
through the membrane, and may be either a porous material or
a material that 1s penetrable for the desired gases by solid
phase diffusion (e.g. mixed conductors of electronic and oxy-
gen 10n conducting and/or proton conducting cerams or met-
als of the IVB and VB groups) or layered combinations
thereol. When the installation of the membrane element
inside a housing has been completed, individual gas flows on
cach side of the membrane element shall remain separate
(hence the term leak-proot), except from the gas(es) that the
membrane selectively lets through from the one side of the
membrane to the other.

The 1nvention also relates to a method for providing a
leak-proof membrane element as described above.

Many metals have the property of being selectively perme-
able for specific gases. For example, by passing a gas mixture
on the one side of a metal pipe possessing such a selective gas
flux, 1t will be possible to pump the gas(es) diffusing through
the metal pipe out to the other side of the pipe. This principle
1s currently being exploited for the separation and cleaning of
hydrogen gas, for example, thorough the use of palladium
alloy pipes. In this case, the wall thickness of such palladium
pipes 1s typically i the order of 100 micrometers. The amount
ol hydrogen passing through the membrane per unit of time
(the hydrogen tlow) 1s mversely proportional to the pipe wall
thickness and proportional to the pipe surface area. However,
in the cleaning or separation of large amounts of hydrogen in
membrane 1nstallations using such palladium pipes, the asso-
ciated costs are high as the hydrogen flow 1s relatively slow
due to the relatively large membrane thickness, and as palla-
dium 1s a very expensive metal. By reducing the thickness of
the palladium membrane, however, the hydrogen flux (hydro-
gen flow per unit area) may be increased and the costs
reduced. This 1s essential 1n many applications e.g. in the
separation of hydrogen in connection with the removal of
CO, 1n large energy production installations or 1n connection
with the production of hydrogen to a filling station for hydro-
gen fuelled vehicles. In such cases, a membrane thickness 1n
the order of 1 micrometer 1s preferable. Today, as there 1s a
limit to how thin vet suificiently stable 1n shape metal pipes
can be produced, thin metal membranes are formed primarily
by depositing a metal coating onto a porous metal, ceram, or
polymer supporting substrate (pipe, sheet, m). It 1s advanta-
geous 1f the gas permeability of the substrate (e.g. resulting
from through pores of suflicient size or a great ability to
diffuse solid phase gas) 1s so high that the hydrogen flux 1s not
limited by the permeability of the substrate. The metal mem-
brane may be deposited onto the supporting substrate using,
various well-known methods, such as 1s physical deposition
(sputtering) and chemical deposition (plating), for example.
When this type of coating 1s applied to porous substrates, 1t
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has shown to be necessary that the metal coating has a certain
minimum thickness (typically 5-10 micrometers) in order to
achieve leak-prool membranes. An overview of the prior art
technology as to the properties, manufacture, and use of pal-
ladium membranes 1s provided, ter alia, by S. Uemivya 1n

Sep. Putif. Methods 28 (1999) 51-835, and by S. N. Paglieri

and J. D. Way i “Innovations in Palladium Membrane
Research™ in Separation and Purification Methods, 31(1),
1-169 (2002), Marcel Dekker, Inc. Similar coating methods

as those described in the above references are used for other
metals and alloys.

At elevated temperatures, a metal substrate and metal
membrane may react with each other chemically to degrade
or ruin the functional properties of the membrane and/or
substrate. Such chemical reactions may be prevented or alle-
viated by the use of a barrier layer of a gas penetrable (pret-
erably porous), non-metallic material. Such intermediate lay-
ers may also be used for achieving a better contact between
the metal membrane and substrate 1n cases for which this 1s
required. Such layers may be manufactured using various
methods, as set out in the U.S. Pat. No. 5,217,506, for
example.

In some cases, the metal membrane may become degraded
by the physical and/or chemical intluence from the gas flow.
This also may be prevented or alleviated by adding a thin
protective layer on the outer side of the metal membrane,
being made of a material having a high permeability for the
gas to be separated/cleaned. Such layers may be manufac-
tured using well-known physical or chemical methods as set
out in the above references, for example.

A more specialized method for forming very thin, non-
porous metal foils and metal membranes (typically with a
thickness of 1-5 micrometers) 1s described the Norwegian
Patent No. 304220/U.S. Pat. No. 6,086,729. The present
invention 1s based on these latter publications, as using the
metal fo1ls disclosed therein. In order to be able to manufac-
ture membrane elements having a large surface area from
such thin metal foils, bands or flakes of the foils must be
placed next to each other onto the substrate—strip-by-strip or
flake-by-tlake, and with close, overlapping joints.

This may be achieved in several ways: In the case of tubular
substrates, a metal fo1l 1n the form of lengthy bands may be
wound around the substrate pipe. Winding 1s a well-known
method being used 1n various connections. What 1s essential
for this application of a wound metal coating, however, 1s the
ability to weld the joints together so as to achieve a continuous
and leak-proof coating. The successiul welding of metal foils
typically requires that the foils are placed on an even or plane
base, as well as the use of specialized welding apparatus and
processes, as described in EP Al 1184125, for example, in
which a palladium foil having a thickness of 35-50 microme-
ters was bent around a tubular substrate and welded together
(with overlapping ends) using a special apparatus exploiting,
the well-known physical phenomenon known as diffusion
bonding. In the present invention, however, the metal foils
being used are so thin that diffusion bonding may be succes-
stvely achieved without the use of any specialized welding
apparatus.

In the case of sheet substrates, the metal foil must be
disposed 1n strips or flakes 1n a similar manner, and with
overlapping joints, onto the substrate. In this case also 1t will
be critical to obtain leak-proof joints between overlapping
strips or flakes of metal fo1l. As for a tubular substrate, accord-
ing to the present invention, this may be accomplished by
diffusion bonding without the use of any specialized
mechanical welding apparatus.
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The present invention also discloses how the likelihood of
leaks due to faults 1n the metal fo1l or 1n the welding of the
metal foil joints may be reduced dramatically by the use of
two or more extremely thin metal foil layers added outside of
cach other in such a manner that the joints of one layer are not
co-located with those of the layer underneath or above. This 1s
true whether the substrate 1s tubular or flat.

The present invention also discloses an alternative method
of forming a thin, protective barrier layer between the metal
membrane and substrate and/or a thin, protective surface
layer on the side of the metal membrane facing the incoming
gas flow. In the method, such layers are deposited at the metal
to1l before the foil 1s wound or applied onto the substrate.
Well-known coating methods such as the one described in the
above references may be used for coating the metal foul.

When membrane elements as described above are to be
installed 1n a housing, 1t 1s necessary to use a connection
means which 1s also able to prevent the migration of undesir-
able gases from the one side of the membrane to the other.
Various commonly used, and 1n some cases patented, solu-
tions already exist for this purpose, which are based on the use
of gaskets of different type and shape between the substrate,
including the metal membrane, and the connector device.
Such gaskets are made of various materials (rubber, graphite,
etc.) depending on the temperature and chemical conditions
to which the membrane element 1s exposed. Also, various
different solutions are known for retaining such gaskets in
place as well 1n compression, so that they maintain an
adequate seal. In the present invention, it 1s shown how the
above 1ssues may be solved 1n a particularly simple manner
because the metal membrane 1tself may be used as a gasket. IT
necessary, more than one layer of the metal membrane are
used as a gasket.

The present invention 1s based on the above referenced
patents: Norwegian Patent No. 304220/U.S. Pat. No. 6,086,
729. One object of the present invention 1s to provide a leak-
prool membrane element for the separation or cleaning of gas
for cases in which membranes having, 1n particular, high flux
tor selected gases, low associated material cost, and that may
be assembled to large processing plants, are needed.

Another object 1s to provide a particularly simple method
of manufacturing a leak-proof membrane element as set out
above.

The objects of the present invention are achieved by means
of aleak-proof membrane element for the selective separation
or cleaning of gas, wherein a metal foil (membrane) 1s dis-
posed on a supporting stock (substrate), having a connection
means on the ends/edges of the substrate allowing the mem-
brane element to be mstalled 1n a housing, characterized in
that a metal foil, having a thickness of less than 10 microme-
ters and being selectively permeable for specific gases, 1s
arranged 1n tlakes or wound with overlapping joints on the
outside of the substrate, the optional joints being welded
together by diffusion bonding so that the fo1l forms a continu-
ous, leak-prool metal membrane layer, the substrate being
made of a material (metal, ceram, polymer, or combinations
thereot) having a very high gas flux for the gas(es) that the
membrane 1s to let through.

Preferred embodiments of the leak-proof membrane ele-
ment are detailed 1n claims 2 to 15, inclusive.

The feature distinguishing the invention from other, prior
art technologies having a similar design 1s that the metal
coating 1s so thin that particularly simple methods may be
used for 1ts application, for joining the joints thereof, and for
sealing at pipe ends as well as against even base surfaces.

Further, the objects of the present invention are achieved by
a method for providing a leak-proof membrane element for
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the selective separation or cleaning of gas wherein a metal foil
(membrane) having a thickness of less than 10 micrometers,
or such a metal o1l covered on one or both sides thereof with
other materials (barrier/protective layer), and being selec-
tively permeable for specific gases, 1s deposited onto a sup-
porting stock (substrate) exhibiting a high gas flux and being
made of metal, ceram, polymer, or combinations thereot, and
wherein a connection means 1s provided on the ends/edges of
the substrate allowing the membrane element to be 1nstalled
in a housing, characterized 1n that the method includes:

a) winding or depositing with overlapping joints (8) bands
or flakes of the foil (pure metal fo1l or metal fo1l partially
coated with a barrier/protective coating) on top oif/on the
outside of the substrate,

b) then sealing the ends/edges of the substrate by fitting
connection means onto the substrate with the membrane, with
a sealant matenal being added between the substrate and the
connection means that does not let through undesired gases,

¢) then welding the metal foil together to a continuous,
non-porous membrane layer by diffusion bonding,

d) inspecting the membrane element using a device (FIG.
3b) detecting any leaks in the membrane, and optionally
repairing the membrane element.

Preferred embodiments of the method for providing the
leak-prool membrane element 1s detailed in claims 17 to 24,
inclusive.

A more detailed description of the invention 1s given below
by way of typical examples:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a principle drawing of the implementation of
a tubular membrane element according to the present mnven-
tion. The figure shows one half of the element 1n a longitudi-
nal view.

FIG. 2a shows the principle of a first stage of a method
according to the invention for winding a thin metal band onto
a tubular substrate.

FIG. 25 shows the principle of a final stage of the winding,
process of FIG. 2a.

FIG. 3a shows a principle drawing of the implementation
of a leakage detector apparatus.

FIG. 356 shows a principle drawing of this leakage detecting,
method.

FIG. 4 shows a principle drawing of an implementation of
a sheet membrane element according to the present invention.
The figure shows a cross-section view of the element.

FIG. 5 shows the same as FIG. 4, using another exemplary
clamping device.

FIG. 6 shows a principle drawing of a membrane module 1n
which several membrane elements are arranged 1n layers 1n a
connection means.

FIG. 7 shows a principle drawing of an implementation of
a sheet or tubular membrane element with a membrane pro-
vided with a protective coating according to the present
invention. The figure shows a cross-section view of the ele-
ment.

EXAMPLE 1

Tubular Membrane Element, with Reference to the
Following Principle Drawings

Referring to FIG. 1, in the present example a membrane
clement 1 including a supporting material in the form of a
porous pipe (substrate) 2 made of metal, ceram, polymer, or
combinations thereof 1s shown. The membrane element fur-
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ther includes a thin metal coating 3 (having a thickness in the
order of 1 micrometer) made of a palladium alloy, for
example (the membrane itself 1s selectively permeable for
gas—namely hydrogen in this example) and end pieces 4
allowing several pipes to be connected 1n parallel in a larger
gas separation assembly with supply and discharge lines, etc.
The end pieces 4 are pressed against the pipe by a clamping
ring 5. In a zone 6 at each end of the substrate pipe 1n which
the end pieces 1s to be fit, the outer surface of the pipe has been
machined so that its surface 1s smooth and the pipe has a
perfect circular cross-section. In this example, metal coating,
3 are used as a gasket 7 for sealing between pipe 2 and end
pieces 4. Also, 1n this example, metal coating 3 1s applied onto
substrate 2 by winding a metal band 3 around substrate pipe
2—with overlapping joints 8 between the band strips. The
joints are welded together by diffusion bonding.

In the present example, the membrane eclement as
described above 1s manufactured by means of an assembly
and test bench. Referring to FIG. 2a, the bench 9 1s arranged
so that a substrate pipe 2 may be fastened 1n the bench by
means ol a clamping device 10 with the longitudinal axis of
the pipe 1 a horizontal orientation. The bench 1s further
provided with two servo motors being capable of moving the
substrate pipe 1n 1ts longitudinal direction while the pipe 1s
simultaneously being rotated about 1ts longitudinal axis. The
two separate movements may be synchronized with each
other and the movement velocities may be varied. The bench
turther comprises a shaft 11 having a holder for a reel 12
containing a roll of a thin metal band (the metal membrane)
13. The reel forms an angle 14 relative to the longitudinal
direction of the substrate pipe.

The first step of the manufacturing process 1s clamping a
pre-adapted substrate pipe of the desired dimensions, mate-
rials, and properties in the assembly bench. Over a length of
a few centimeters at each end of the substrate pipe—where
the pipe end pieces are to be it (see herein below )—the pipe
surface needs to be smooth, the pipe diameter must be well-
defined, and the pipe cross-section must be circular. Such
pipes are well-known and widely commercially available,
and are hence not a part of the present invention. In this
example, a porous, stainless steel substrate pipe has been
used.

The next step of the manufacturing process 1s setting a reel
12 containing a roll of metal band 13 in place 1n the assembly
bench. Such rolls of very thin metal band are previously
known (see the above referenced patents), and are hence not
a part of the present invention. In the present example, metal
bands having a thickness in the range of 1-5 micrometers of a
palladium alloy has been used. The process of windingly
apply the thin metal band 13 1s mitiated by pulling out and
fixing the metal band to the one end of pipe 15. As the
substrate pipe end has been polished, the thin metal fo1l sticks
to the surface thereof without further action, ensuring a good
adhesion.

The winding process 1s initiated 1n that the rotary and linear
motion of the pipe 1s started and runs synchronously so that
the band 1s wound uniformly onto the pipe. The angle 14
between the metal band and the substrate pipe 1s adjusted so
that a certain overlap 8 1s formed—namely 5 millimeters in
this example (see FIG. 2b). Durning this process, the reel
movement 1s restrained so as to press the band against the base
pipe. This stretch of the band 1s also necessary 1n order to
achieve an adequate overlap. A microscope including a video
camera 16 1s positioned directly above the location at which
the band 1s applied onto the pipe, allowing the winding pro-
cess to be monitored on a display device. On demand, the
velocities, angle and band stretch may be adjusted manually,
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and 1n the case of a problem the winding process may be
stopped or reversed, and optionally be restarted.

When the end of pipe 17 1s encountered (see FIG. 2b), the
metal band 1s attached to the pipe surface, after which the
band 1s cut.

As an alternative, two or more layers may be wound on top
of each other, 1n such a manner that the joints of one layer do
not overlap with joints of another layer. Also, the layers may
be cross-wound. The purpose of having several layers 1s to
reduce the risk of leaks due to small imperfections (holes) in
the foil and/or joining.

The result of the winding process 1s imnspected visually, and

the substrate pipe having the metal membrane wound thereon
1s then removed from the assembly bench.
The next step of the manufacturing process 1s fitting the end
pieces onto the pipe. To this end, a specially designed j1g 1s
used holding the pipe while the end pieces are mounted.
Various devices may be used for fitting the end pieces onto the
pipe and seal their connection so that undesired gases are not
able to get through from one side of the membrane to the
other. In this example, tubular end so pieces 4 having an inner
diameter at the sealing area being somewhat larger than the
outer diameter of the tubular substrate 2 with metal film 3
have been used. The end piece 1s thread carefully onto the
substrate pipe with the metal membrane without causing
damage thereto. A clamping ring 5 1s pressed onto end piece
4 and squeezes the end piece against the metal membrane/
substrate pipe, using the metal membrane—being tlexible—
as a gasket 7. To make sure that this gasket will in fact become
tight, 1t 1s possible, 1n this region of the substrate pipe, to wind
one or more additional metal membrane layers onto the sub-
strate pipe. The result 1s a connection between the pipe and
end pieces that will not let through undesired gases. More-
over, the end pieces are shaped so that one or more membrane
clements may be installed 1n a housing having gas inlet and
outlet channels, etc.

An alternative implementation of the end piece that has
also shown to be applicable 1s the use of an end piece which
in a heated condition (relative to the substrate) has an inner
diameter that 1s suificient to allow the end piece to be tread
onto the substrate with membrane without damaging the
membrane, and the diameter of which, when cooled to the
same temperature as the substrate, shrinks and presses around
the substrate with, membrane and to form a leak-proof seal
and attachment for the end pieces. Also 1n this case the metal
membrane 1s used as a gasket between the end piece and
substrate.

The next step of the manufacturing process 1s welding,
together the overlapping side edges of the wound metal band,
so that a continuous, leak-proof metal layer 1s formed. As
such, the overlapping side edges of the metal band provide an
adequate seal themselves as the metal band 1s stretched during
the winding process and then conforms tightly to the base and
irregularities because 1t 1s so thin. There 1s also a good adhe-
s10n between the metal bands 1n the overlapping zone. This, as
combined with the self-diffusion properties of the metal,
makes 1t possible to weld the joints together by placing the
membrane element (substrate with wound metal band and
end pieces fitted thereon) 1n a device in which the assembly 1s
heated, perhaps with a given excess pressure on the mem-
brane side. The heating cycle (time/temperature/pressure)
will depend on the material selected for the metal membrane,
ctc.—in the present example using a palladium alloy, 300-
400° C. was used. Hence, the special feature this method 1s
that the metal fo1l 1s so thin and adheres so tautly and tightly
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onto the substrate to begin with that 1t 1s not necessary to use
a special welding apparatus or to apply a mechanical pres-
sure.

The last step of the manufacturing process 1s verifying that
the membrane element 1s 1n fact tight and performing any
necessary repairs. The leak detection 1s mitiated by placing
membrane element 1 in the test bench 9 (c1. FIGS. 3a and 35).
In this bench the membrane element may be moved in the
axial direction thereot as well as rotated about 1ts longitudinal
axi1s (as 1n the winding process). Through a nozzle 18, helium
gas or another leakage detection gas may be sprayed out
towards a point on the membrane surface. Inside the pipe
support a negative pressure 1s created by means of a pump. On
the 1nside through the substrate pipe, a purge gas 1s flown.
Helium gas will migrate through any holes through the mem-
brane. A gas suction pipe 19 1s positioned downstream of
nozzle 18. Helium that has migrated through any hole 1n the
membrane will be sucked up and lead to an apparatus mea-
suring the concentration of helium or other gases, such as a
mass spectrometer. The membrane assembly 1s then set in
motion 1n the longitudinal direction thereof and rotated rela-
tive to the helium nozzle/suction pipe so that each point on the
metal membrane 1s checked. If a hole exists somewhere 1n the
membrane, helium gas will flow through that hole when the
hole passes nozzle 18 and end up side the substrate pipe,
wherefrom the gas immediately will be sucked up by the gas
suction pipe 19 and then be detected by the mass spectrom-
cter. In this manner it 1s hence possible to check 11 there 1s a
hole 1n the membrane and indicate the location of any holes.
The test bench may be controlled both automatic and manu-
ally.

Any leaks 1n the membrane may be patched using different
methods. In this example, we have tried out leak repair by
adding a splice plate of a thin Pd-film and then performing
diffusion bonding as described above. We have also used a
commercial sealant material.

The membrane elements constructed and manufactured in
this manner has been tested with good results 1n hydrogen
separation. Using palladium alloy membranes having a thick-
ness of 2.5 micrometer, a hydrogen flux of 2.5 10~ mbar/(m™

>*s*Pa) was achieved with a selectivity better than 1000 at 25
bar absolute differential pressure.

EXAMPLE 2

Sheet Membrane Element, with Reference to the
Following Principle Drawings

Referring to FIG. 4, 1n the present example a membrane
clement consisting of a flat, porous ceramic substrate 20
being covered with a metal foil (the membrane) 3 having a
thickness of 1 micrometer and being made of a palladium
alloy 1s shown. The substrate of this example was manufac-
tured by pressing aluminum oxide powder 1n a squeezing tool
to a thin disc shaped sheet, which was then sintered at 1160°
C. and finally surface ground on both sides. Alternatively,
ceramic substrates could be produced using various other
well-known methods, e.g. by “tape casting”, calendering, and
suspension molding—before sintering 1s performed. Sub-
strates having a layered configuration may also be produced
using such well-known methods. In this example, the sub-
strate with the membrane thereon had a circular shape, but
could also have a rectangular shape, etc. Some 1implementa-
tions of the membrane of this example were formed as one
continuous flake covering the entire substrate sheet. In other
implementations, several layers were added next to each other
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onto the substrate with overlapping joints having been welded
together by diffusion bonding.

The membrane element of this example further comprises
a connection means 21, consisting of two halves, 21a and 215,
being screwed together by bolts 22. Between the two halves,
a gasket 23 of a copper alloy or another suitable material 1s
provided. The bolts 22 are tightened so that the gasket 1s gas
tight. The substrate with the membrane thereon was held
within this connection means by way of a conical-circular
metal spring 24 pressing substrate 20 with membrane 3
thereon against a gasket 25 abutting against one half of the
connection means. The force applied by the spring to the
substrate with the membrane thereon 1s suificient to make the
gasket 25 gas tight. Gasket 25 may be made of a palladium
alloy or another suitable material that will not cause damage
to the membrane at the operating temperature. As an alterna-
tive, a gasket may be used that 1s composed of several mate-
rials arranged 1n layers, and that provides an adequate seal
without causing any damage to the membrane. Such gaskets
may be manufactured using several well-known methods, and
must be adapted to the operating temperature, pressure, etc. of
the membrane element. In the two halves of the connection
means there 1s further provided inlets and outlets for gas
entering/exiting the membrane. In the half 21a abutting the
membrane, gas mlet 26 and outlet 27 pipes are provided for
the portion of the gas that does not pass through the mem-
brane. On the other half 215, outlet pipes 28 for gas having
passed through the membrane 1s provided. In case a purge gas
1s used, there 1s also provided 1nlet pipes 29 for such gas.

As an alternative to the above, the inner metal spring 25
may be replaced by a compression means 30 (ci. FIG. 5) on
the outside of the connection means. An inner pipe including
a spring forming a part of the wall 31 thereof and an outer pipe
including a spring forming a part the wall 32 thereof, which
through a supporting means 33 press substrate 20 with mem-
brane 3 against gaskets 25 making them gas tight.

Another example of a sheet membrane element 1s shown 1n
FIG. 6. In this example, several rectangular, tlat substrate
sheets 20 with membrane 3 are stacked 1n layers in a connec-
tion means 34, consisting of two halves, 34a and 345, being
screwed together by bolts 35. In this example, substrates
having sealed peripheral edges 36 are used. The first layer of
substrate with membrane 1s added on the side of the substrate
facing the connection means, and then the next layer 1s added
in an opposite direction, and so on layer-wise as shown 1n
FIG. 6. Between the stack of substrate sheets with membrane
and the connection means, there 1s provided gas tight gaskets
25 of a type described i FIG. 4. Between each layer of
substrate sheet with membrane, spacers 37 are provided that
maintain the distance between the layers. The spacers may be
of the same material as gaskets 25, or of another suitable
material that does not react with the metal membrane 3 to
destruct the latter. The connection means of the present
example includes inlet pipes for feed gas 38 leading to a gas
distribution area 39 distributing the gas in the interval 40
between the membranes. The gas that does not pass through
the membranes exits through outlet pipe 41. The gas that does
pass through the membranes exits ito the interval between
the substrate sheets 42 and proceeds out through outlet pipes
oriented perpendicularly relative to the orientation of inlet 38
and outlet 41 for the feed gas (1.e. perpendicular to the plane
of the figure, not shown 1n the figure). Gaskets 235 causes the
feed gas to be separated from the gas having passed the
membrane (“permeate gas”). IT the use of a purge gas 1s
desired, on the permeate side, such gas may be fed through a
purge gas entrance on the permeate side (not shown 1n the

figure).
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EXAMPLE 3

Metal Membrane having a Protective Coating, with
Reference to the Following Principle Drawing,

Referring to FIG. 7, 1n thus example a metal membrane 3
having a barrier layer 43 on the side facing inwardly against
substrate 2 and a protective surface layer 44 on the side facing
the feed gas 1s shown. The purpose of barrier layer 43 1s to
prevent metal membrane 3 from reacting chemically with
substrate 2 to degrade the membrane. Similarly, the purpose
of surface layer 44 1s to protect metal membrane 3 against
degradation due to chemical or physical reactions with the
teed gas. In the method, such layers are added onto the metal
to1l before the latter 1s wound or applied onto the substrate. As
an alternative, surface layer 44 may be applied after the metal
membrane has been wound or applied onto the substrate.
Well-known coating methods, such as those described 1n the
above references, for example, may then be used for coating
the metal foil.

The mvention claimed 1s:

1. A method for providing a leak-proof membrane element
(1) for the selective separation or cleaning of gas of the type
wherein a metal foil (membrane) (3) or such metal foil coated
on one or both sides thereof with other materials (barrier/
protective layers) (43, 44), and being selectively permeable
for specific gases, 1s deposited onto a supporting stock (sub-
strate) (2, 20) exhibiting a high gas flux and being made of
metal, ceramic, polymer, or combinations thereof, and
wherein connection means (4, 21, 34) are provided on the
ends/edges of the substrate allowing the membrane element
to be installed 1n a housing,
characterized 1n that the method comprises:

a) winding or depositing with overlapping joints (8) bands
or flakes of the foil (pure metal foil or metal fo1l (3)
partially coated with barrier/protective coatings) having
a thickness of less than 10 micrometers on top of/on the
outside of the substrate (2, 20),

b) then sealing the ends/edges of the substrate by fitting
connection means (4, 21, 34) onto the substrate with the
membrane, using a sealant material (7, 25) between the
substrate and connection means that does not let through
undesired gases,

¢) then joiming by diffusion bonding the overlapping joints
(8) to a confinuous, non porous membrane layer, by
heating the substrate (2, 20) coated with the metal foil
(3) while having zero or a positive overpressure on the
metal side.

2. The method of claim 1,

characterized in that the metal foi1l (3) 1s constituted by a
lengthy band that i1s wound manually or in an automated
arrangement, or combinations thereof, onto a tubular sub-
strate (2).

3. The method of claim 1,
characterized 1in that the metal foil 1s constituted by a lengthy
band that 1s wound 1n two or more layers on top of each other,
wherein such layers are wound 1n the same direction or in
crossing directions, and wherein the joints of one layer are not
co-located with those of the layer underneath or above.

4. The method of claim 1,
characterized in that the metal fo1l 1s constituted by band or
flakes that are deposited 1n two or more layers on top of each
other onto a sheet substrate, wherein the joints of one layer are
not co-located with those of the layer underneath or above.

5. The method of claim 1,
characterized in that, first, a layer of metal foil having a
barrier layer (43) on the side facing the substrate 1s deposited.
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6. The method of claim 1,
characterized 1n that one or more layers of a pure metal foil
1s/are added onto the layer comprising the barrier layer.

7. The method of claiam 1,
characterized 1n that the last metal foil layer being deposited
comprises a protective layer (44) on the side facing the gas
tlow.

8. The method of claim 1,
characterized in that an outer protective layer (44) of a suit-
able material 1s applied using a suitable, well-known coating
method, after the membrane has been added onto the sub-
strate.

9. The method of claim 1,
characterized 1n that the membrane (3) 1s inspected for leaks
by means of an automatic or partially automatic leakage
detector that 1s able to 1indicate if any leaks exist 1n the mem-
brane and to 1dentily the location of any fault(s) in the mem-
brane.

10. The method of claim 1,
characterized 1n that any leaks 1n the membrane are patched
by applying a sealant or Pd-film that 1s diffusion bond to the
membrane.

11. A leak-proof membrane element (1) for the selective
separation or cleaming of gas, wherein a metal fo1l (mem-
brane) (3) 1s deposited onto a supporting stock (substrate) (2,
20) having connection means (4, 21, 34) on the ends/edges of
the substrate allowing the membrane element to be installed
in a vessel, the metal foil (3) being arranged in flakes or
wound with overlapping joints (8) on the outside of the sub-
strate (2, 20), with any joints being joined,
characterized 1n that the metal fo1l (3) has a thickness of less
than 10 micrometers and that the overlapping joints (8) are
joined by diffusion bonding in that the metal fo1l (3) 1s heated
while applying zero or a positive overpressure on the metal
side.

12. The leak-prool membrane element of claim 11,
characterized in that the metal fo1l (3) 1s a lengthy metal strip
being wound onto the outside of a tubular substrate (2).

13. The leak-proof membrane element of claim 11,
characterized in that the metal fo1l 1s wound 1n two or more
layers one on top of the other, wherein these layers are wound
in the same direction or in crossing directions, and wherein
the jo1ins of one layer are not co-located with those of the layer
underneath or above.

14. The leak-proof membrane element of claim 11,
characterized in that the metal foil (3) 1s deposited onto a
sheet substrate (20).

15. The leak-proof membrane element of claim 11,
characterized 1n that the metal foil 1s applied 1n two or more
layers on top of each other, wherein the joins of one layer are
not co-located with those of the layer underneath or above.

16. The leak-proof membrane element of claim 11,
characterized 1n that the metal foil 1s made of palladium or a
palladium alloy exhibiting a selective hydrogen diffusion.

17. The leak-prool membrane element of claim 11,
characterized 1n that the metal fo1l 1s made of silver or a silver
alloy exhibiting a selective oxygen diffusion.

18. The leak-prool membrane element of claim 11,
characterized 1n that the metal fo1l (3), before being wound or
deposited onto the substrate (2, 20), 1s fully or partially
coated, on the side of the metal fo1l being applied against the
substrate, with a thin layer (43) of a material exhibiting, 1n
particular, a) a high gas flux for the gas that is to pass through
the membrane, and b) chemical and physical properties
allowing it to prevent or reduce undesired and/or promote
desired chemical and physical interactions between the mem-
brane and the substrate (barrier layer).
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19. The leak-proof membrane element of claim 11,
characterized 1n that the metal fo1l (3), before being wound or
deposited onto the substrate (2, 20), 1s partially coated, on the
side of the metal fo1l facing outwardly against the incoming
gas flow, with a thin layer (44) of a matenal exhibiting, 1n
particular a) a high permeability for the gas that 1s to pass
through the membrane, and b) chemical and physical prop-
erties allowing 1t to prevent or reduce undesired and/or pro-
mote desired chemical and physical interactions between the
membrane and the gas tlow (outer protective layer).

20. The leak-proof membrane element of claim 11,
characterized 1n that an outer protective layer (44) of a suit-
able material 1s applied using a suitable, well-known coating
technique after the membrane (3) has been deposited onto the

substrate (2, 20).

21. The leak-proof membrane element of claim 11,
characterized 1n tubular connection means in the form of end
pieces (4) it at one (in the case of a pipe having a closed end)
or both ends of the tubular substrate, assembled in that such
end pieces have an inner diameter 1n the sealing area being
greater than the outer diameter of the tubular substrate (2)
with metal film (3), with the difference 1n diameters being,
suificient to allow the end pieces to be tread onto the substrate
with membrane without causing damage to the membrane,
yet not so large that the parts of the end pieces forming the
sealing area may not be pressed down onto the membrane and
substrate, wherein a mechanical device (3) 1s used for press-
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ing this part of the end piece against the substrate with mem-
brane to form a leak-proof seal and attachment for the end
pieces.

22. The leak-prool membrane element of claim 21,
characterized 1n that the tubular end pieces (4), 1n a heated
condition (relative to the substrate), have an mner diameter
that 1s suflicient to allow the end pieces to be tread onto the
substrate (2) with membrane (3) without causing damage to
the membrane, and that, when cooled to the same temperature
as the substrate, shrinks and presses around the substrate with
membrane to provide a leak-proot seal and attachment for the
end pieces.

23. The leak-proof membrane element of claim 11,
characterized 1n that the connector means have a casing
design (21) and are threaded or otherwise squeezed against
the sheet substrate (20) at the edges thereof (one casing on
cach side of the substrate sheet) to form a leak-proof seal and
attachment for the casings.

24. The leak-proof membrane element of claim 11,
characterized 1n that one or more layers ol the metal fo1l 1s/are
used as sealing material (6, 25) between the substrate (2, 20)
and connection means (4, 21, 34).

25. The leak-proof membrane element of claim 11,
characterized in that the connection means (4, 21, 34) are
made of a material having substantially the same coetficient
ol expansion as the substrate (2, 20).
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